CenH3 could affect chromosome segregation, DNA replication and transcription. CENP-A is often overexpressed and mislocalized in cancer genomes, but the underlying mechanisms are not understood. One major regulator of Cse4 deposition is Psh1, an E3 ubiquitin ligase that controls levels of Cse4 to prevent deposition into non-centromeric regions. We present evidence that Chromatin assembly factor-1 (CAF-1), an evolutionarily conserved histone H3/H4 chaperone with subunits shown previously to interact with CenH3 in flies and human cells, regulates Cse4 deposition in budding yeast. yCAF-1 interacts with Cse4 and can assemble Cse4 nucleosomes in vitro. Loss of yCAF-1 dramatically reduces the amount of Cse4 deposited into chromatin genomewide when Cse4 is overexpressed. The incorporation of Cse4 genome-wide may have multifactorial effects on growth and gene expression. Loss of yCAF-1 can rescue growth defects and some changes in gene expression associated with Cse4 deposition that occur in the absence of Psh1-mediated proteolysis. Incorporation of Cse4 into promoter nucleosomes at transcriptionally active genes depends on yCAF-1. Overall our findings suggest CAF-1 can act as a CenH3 chaperone, regulating levels and incorporation of CenH3 in chromatin.
INTRODUCTION
One of the unique features of eukaryotic centromeres is a specific histone H3 variant, CenH3. CenH3 is known as CENP-A in human and Cse4 in budding yeast. Nucleosomes containing this histone variant serve as the foundation for kinetochore assembly and attachment of chromosomes to spindle microtubules for faithful segregation. Eukaryotes have evolved stringent regulatory mechanisms to promote exclusive centromeric localization of CenH3/Cse4 (1) .
Histone chaperones are indispensable for their role in regulation of histone deposition into chromatin. They facilitate proper nucleosome assembly and disassembly (2) . In addition, histone chaperones play roles in nuclear import, storage and stability of histones. Many chaperones regulate the canonical histones, creating functional redundancy. Most histone variants have dedicated chaperones (2) . CenH3 assembly into centromeric nucleosomes is regulated by the evolutionarily conserved histone chaperone known as Scm3 in budding yeast (3) (4) (5) (6) , and its ortholog HJURP in humans (7, 8) .
Regulating the deposition of Cse4 is critical to prevent mislocalization of Cse4 to non-centromeric regions. In addition to being regulated by the Cse4-specific chaperone Scm3, Cse4 levels are controlled by multiple mechanisms, including ubiquitin-mediated proteolysis (9) . An E3 ubiquitin ligase Psh1 in conjunction with Casein Kinase 2 (CK2) facilitates ubiquitylation and proteasomal degradation of Cse4 (10) (11) (12) . In addition, several other factors play roles in ubiquitin-mediated proteolysis of Cse4 (13) (14) (15) (16) (17) (18) . Additional chromatin regulating proteins, including remodelers, have been identified that assist in efficient removal of mislocalized Cse4 nucleosomes (19) (20) (21) .
Chaperones in addition to Scm3 may play a role in the dynamics of Cse4 deposition, especially under conditions of overexpression when the balance of H3 and Cse4 levels is dramatically altered. Elevated expression and misincorporation of CenH3/CENP-A is reported in many human cancers (22) (23) (24) (25) (26) . In human cells the transcriptioncoupled histone H3.3 chaperones DAXX/ATRX target CENP-A to ectopic locations (23, 26, 27) . Mislocalization of CenH3 could disrupt chromatin structure and lead to negative consequences for growth by causing ectopic centromere/kinetochore formation, chromosome instability and missegregation (27) (28) (29) (30) . Mislocalized CenH3 could also affect chromatin based processes like DNA replication and transcription (31) . Therefore, it is important to identify and characterize factors that regulate promiscuous CenH3 localization.
We present evidence that the evolutionarily conserved histone H3/H4 chaperone Chromatin Assembly Factor-1 (CAF-1) can function as a Cse4 chaperone in budding yeast. Subunits of CAF-1 had previously been reported to be important for building functional kinetochores (32) , for recruitment of CenH3/Cnp1 and Scm3 to centromeres in Schizosaccharomyces pombe (33, 34) and for regulating Cse4/H3 exchange kinetics (35) . We report that recombinant CAF-1 can assemble Cse4 nucleosomes in vitro and CAF-1 subunits co-immunoprecipitate with Cse4 in vivo. CAF-1 is responsible for the majority of Cse4 incorporated into chromatin when Cse4 is overexpressed. The negative impact of Cse4 misincorporation on growth is likely multifactorial, including disrupted gene expression and other chromatin-based processes. CAF-1 may also promote the assembly of Cse4 nucleosomes at the centromere and facilitate proteolysis of Cse4 by Psh1 under certain conditions. Overall our findings help to establish how the histone H3/H4 chaperone CAF-1 regulates deposition of Cse4.
MATERIALS AND METHODS

Yeast strains
All the yeast strains are listed in Supplementary Table S1 .
Whole cell extract Co-IP
Cultures grown to mid-log phase in appropriate media were used to prepare cell extracts in lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 0.1% NP-40, 1 mM dithiothreitol (DTT), 10% glycerol and protease inhibitors). Protein concentration was determined using Bradford assay. Cell extracts were diluted with dilution/wash buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 0.1% NP-40). Diluted cell extracts were incubated with the antibody overnight followed by 2 h with protein G dynabeads (Invitrogen-10004D) at 4 • C. Some co-IPs was performed using antibody conjugated beads. The beads were washed three times with dilution/wash buffer and proteins were eluted with sodium dodecyl sulphate (SDS) buffer (10 mM Tris pH 7.5, 1 mM ethylenediaminetetraacetic acid (EDTA) and 1% SDS). Immunoprecipitates were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting.
Recombinant protein expression and purification
Methods for histone expression and purification have been published (36) .
GST-Psh1 expression and purification. Plasmid containing GST-Psh1 (pSB1535 is a kind gift from Biggins lab, Fred Hutchinson Cancer Research Center, Seattle, WA, USA) was transformed into BL21-CodonPlus(DE3)-RIL cells. A total of 1 l of a bacterial culture was grown to OD 600 of 0.5 at 37 • C. Protein expression was induced with isopropyl-␤-D-thiogalactoside (IPTG, 0.5 mM) at 25 • C, overnight. Cells were harvested, frozen in liq. N2, and stored in −80 • C until used. Cells were re-suspended in 15 ml of ice-cold STE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 150 mM NaCl with protease inhibitors). The cell suspension was incubated with Lysozyme (0.5 mg/ml, Sigma #62971) on ice until the texture changes (∼20-30 min) and added 10 mM DTT and 1% sarkosyl. The cell lysate was sonicated using a digital sonifier (run time: 10 min, pulse ON: 15 s, pulse OFF: 20 s) and centrifuged at 15 000 reads per million (rpm) for 20 min at 4 • C. The supernatant was incubated with 500 l of glutathione sepharose beads (GE #17-0756-01) suspension in the presence of 2% Triton X-100 for 2 h at 4 • C. The beads were spun down and washed two times with 10 ml of cold STET (STE with 1% Triton X-100) and two more times with 10 ml of cold STE (without Triton). The beads were transferred into a 1.5 ml spin column (Bio-Rad #732-6204, Micro Bio-Spin column). Psh1-GST was eluted using a gradient of elution buffers containing 1, 10, 20, 30, 40 and 50 mM reduced Glutathione in 50 mM Tris pH8.0. After running a gel, fractions containing GST-Psh1 was combined and the buffer was exchanged with storage buffer (50 mM HEPES, pH 7.9, 100 mM NaCl, 2 mM MgCl 2 and 10% glycerol) using 30K MWCO centrifuge filters.
CAF-1 expression and purification. CAF-1 complex expression and purification was performed as described previously (37) . Briefly, optimum levels of Cac1, Cac2 and Cac3 viruses were used to infect the SF9 cells for 72h. After infection, cells were collected for the nuclei isolation and subsequent purification. The extraction buffer (15 mM Tris-HCl, pH 7.5, 400 mM NaCl, 10% sucrose, 1 mM EDTA,1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride (PMSF)) was used to resuspend the nuclear pellet. Supernatant with the CAF-1 complex was collected after spinning at 33 000 rpm for 40 min and 15% of ammonium sulfate was added to precipitate the protein. After the clarification at 12 000 rpm for 30 min, the supernatant was adjusted to 65% saturation with ammonium sulfate to precipitate the remaining proteins. After spinning at 12 000rpm for 30 min, the precipitated proteins containing CAF-1 complex, were dissolved in buffer B0 (20 mM HEPES, pH7.5, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.01% Triton X-100). After final clarification, the supernatant was loaded onto a HiTrap SP HP column and proteins were eluted between gradient of B100 to B1000. Fractions with the CAF-1 complex were detected by western and pooled for overnight binding with M2-FLAG agarose beads. Elution buffer (B100+1 mg/ml 3× FLAG) was added to elute the CAF-1 complex. Purified CAF-1 complex was analyzed by silver staining and dialyzed against a storage buffer (20 mM HEPES, pH7.5, 1 mM EDTA, 1 mM DTT, 10% glycerol, 25 mM NaCl).
In vitro ubiquitylation assay
Human E1 (UBE1), E2 (UbcH3-human homolog of budding yeast Ubc3) and HA-ubiquitin from Boston Biochem (E-305, K-980B and U-110, respectively) were used for the assay. Ubiquitylation mixture was prepared by mixing E1 (0.1 g), E2 (0.05 g), E3 (GST-Psh1, 0.1g) and HA-ubiquitin (2.5 g) in the E3 ligase reaction buffer (Boston Biochem, B-71). Energy regeneration solution-ERS (Boston Biochem, B-10) was used as the energy source. 0.4 g of Cse4 was added as the substrate. Reactions were performed in the presence or absence of 1 g of CAF-1. Total reaction volume was 30 l. Samples were incubated for 1 h at 30 • C and diluted with 400 l of Trisbuffered saline (TBS). A total of 60 l of 25% slurry of pre-washed poly-ubiquitin affinity resin (Agarose-TUBE-1, Life Sensors, UM401) was added and incubation proceeded overnight at 4 • C. The beads were washed three times with TBS. Proteins were eluted with 30 l of SDS buffer (10 mM Tris pH 7.5, 1 mM EDTA and 1% SDS) and boiled with 10 l of 4× SDS sample buffer. Ubiquitylated proteins were analyzed by SDS-PAGE and western blotting.
SDS-PAGE and western blotting
SDS-PAGE was performed using 4-12% pre-cast gels (Invitrogen). After running the gels, proteins were transferred onto PVDF membrane (Millipore, Immobilon-P) and Western blotting was performed according to standard protocol.
Antibodies/conjugated beads
The antibodies used are as follows: anti-Myc (Bio Legend-626802), anti-FLAG-HRP (Roche-6952, Sigma-A8592), anti-FLAG (Sigma-F3165), anti-FLAG-HRP (Roche-6952), anti-Cse4 (polyclonal rabbit antibody against recombinant Cse4), anti-H2A (Active Motif-39235), anti-Pgk1 (Invitrogen-459250), anti-ubiquitin (Covance-MMS257P), anti-HA (Covance-PRB101P), anti-FLAG beads (Sigma-F2426), secondary antibodies were HRP linked, anti-rabbit IgG (from donkey) and anti-mouse IgG (from sheep) (GE Healthcare, NA934V and NA931V, respectively).
ChIP-qPCR
Cultures were grown to mid-log phase in appropriate medium. If gal induction of Cse4 was needed, galactose was added to a final concentration of 4% and incubated for 6 h. Cells were fixed in 1% formaldehyde for 15 min at room temperature, then quenched with glycine (final concentration 0.125 M) for 5 min. Cells were washed twice with cold TBS, frozen in liq. N2, and stored in −80 • C until used. Cells were lysed by bead beating for 1 h at 4 • C in FA-Lysis SDS buffer (50 mM Hepes (pH7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.2% SDS, protease inhibitors) and centrifuged to remove cell debris. The lysate was sonicated using a Biorupter for 30 min, 30 s on/off, medium intensity. Protein concentration was determined and samples were normalized before proceeding with the chromatin immunoprecipitation (ChIP). About 20% of total chromatin extract was used for IP and incubated with antibody at 4 • C overnight. A total of 25 l of Protein G Dynabeads (Invitrogen 100-04D) pre-washed in FA-Lysis buffer (50 mM Hepes (pH7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) were added and incubated at 4 • C for 2 h. Beads were washed at room temperature with the following sequence of buffers; FA-Lysis buffer, FA-Lysis buffer with 1M NaCl, FA-Lysis buffer with 500 mM NaCl, TEL buffer (0.25M LiCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate), twice with 1×TE. Chromatin fragments were eluted twice using 200 l of Elution Buffer (1% SDS, 250 mM NaCl, 1×TE) at 65 • C with agitation. Two elutions were combined and treated with Proteinase K for 1 h at 55 • C and incubated overnight at 65 • C. DNA was extracted with phenol-chloroform and precipitated using 100% ethanol. About 2% of the total chromatin extract was processed for the input sample. Cse4-ChIPs were performed in triplicate with two no-antibody controls for each strain. Antibodies used for ChIP experiments are 2 l of ␣-Cse4 antibody (polyclonal rabbit antibody against recombinant Cse4) and anti-FLAG (Sigma-F3165).
Quantitative polymerase chain reaction (qPCR) was performed in triplicate for each sample using a Perfecta SYBR Green FastMix, ROX (Quanta Biosciences-95073). . UCSC In-Silico PCR tool and qPCR-melt curves were used to determine the specificity of each primer set. Standard curves were generated including six standards for each primer set (PHO5-1 F/R (slope: −3.91, efficiency:80%, y-intercept:26.82, r2:0.995); rDNA37-1 F/R (slope: −3.76, efficiency:85%, y-intercept:19.36, r2:0.998); CEN3 F/R (slope: −4.27, efficiency:71%, y-intercept:30.66, r2:0.979)). Total DNA to be used in a reaction was determined based on linear dynamic range (LDR), Limit of Detection (LoD) and Cq values of each primer set/standard curve. qPCR data were analyzed manually using mean quantity values to calculate IP/No antibody ratios after normalizing to total input DNA. The standard deviation (error bars) was calculated using IP/No antibody values for ChIPs performed in triplicate. P-values were calculated using a two-sided t-test. Each qPCR experiment was repeated to check reproducibility.
ChIP-seq
ChIP was performed as mentioned in ChIP-qPCR. About 30 and 3.5% of total chromatin extract were used for the IP and the input samples, respectively. IPs were performed at least in duplicate for two biological replicates of each strain.
Nucleic Acids Research, 2018, Vol. 46, No. 9 4443 Libraries were prepared using the KAPA HTP Library Prep Kit for Illumina and Bioo Scientific NEXTflex DNA barcodes. The resulting libraries were purified using the Agencourt AMPure XP system (Beckman Coulter) then quantified using a Bioanalyzer (Agilent Technologies) and a Qubit fluorometer (Life Technologies). Post amplification size selection was performed on libraries where there was enough available material to do so using a Pippin Prep (Sage Science). Libraries were re-quantified, normalized, pooled and sequenced on an Illumina NextSeq 500 instrument as Mid Output 75 bp paired read run. Following sequencing, Illumina NextSeq Real Time Analysis version 2.4.6.0 was ran to demultiplex reads and generate FASTQ files.
Paired-end reads were aligned to version sacCer3 of the yeast genome from UC Santa Cruz using bowtie2 with -k 2. Concordant alignments were analyzed in R using Bioconductor to generate coverage and normalize the data in rpm. Locations of enrichment for each protein were identified using MACS2 version 2.1.0.20140616. Metagene plots are constructed by converting coverage of the Cse4 ChIP into rpm per base, averaging the replicates for each condition and then extracting out coverage for the promoters of a given set of genes, defined as −500 to +100 of the transcription start site (TSS), and plotting the average of the gene set at each base pair.
RNA-seq
Overnight cultures of wild-type (WT) and mutant strains grown in duplicate in appropriate raffinose medium were diluted to OD 600 of 0.1. After 2 h at 30 • C, Cse4 overexpression was induced by adding galactose to a final concentration of 4% and cultures were grown at 30 • C for 10 h. Cells were pelleted, frozen in liq. N2 and stored in −80 • C until used. The cell pellet was resuspended in 800 l of cold AE Buffer (50 mM NaOAc (pH 5.2), 10 mM EDTA in RNase Free water). A total of 80 l of 10% SDS and 800 l acid phenol (pH 4.3) (Ambion# AM9720) were added and incubated for 10 min at 65 • C. The cell suspension was incubated on ice for 5 min and centrifuged for 15 min at 14K rpm, 4 • C. The supernatant was transferred to a fresh tube, 800 l of chloroform was added and centrifuged for 15 min at 14K rpm, 4 • C. Chloroform extraction step was repeated one more time and the supernatant was transferred to a fresh tube. Next 10 g of linear acrylamide, 3M NaOAc, pH 5.2-5.6 (1/10th of total volume) and isopropanol (volume equal to total volume) were added and centrifuged for 15 min at 14K rpm, 4 • C. The pellet was washed with 1 ml 70% ethanol and resuspended in ∼100 l TE buffer (10 mM Tris pH8.0, 0.1 mM EDTA in RNase Free water). The RNA extract was chilled first on ice for 5 min, then 20 s at 65 • C. It was mixed by gentle vortexing and chilled on ice. RNA integrity was checked following isolation using an Agilent Technologies 2100 Bioanalyzer. The RNA concentration was measured using Qubit 2.0 Fluorometer. Ribosomal RNA was depleted from 1000 ng total RNA using Ribo-Zero™ Magnetic Gold Kit (Yeast) (Illumina, MRZY1324) per manufacturer's instructions. Following depletion, Illumina libraries were generated using the TruSeq Stranded RNA LT kit with Ribo-Zero Gold, 48; Set A (Illumina, RS-122-2301) and resulting libraries were checked for qual-ity and concentration using an Agilent 2100 Bioanalyzer and Invitrogen Qubit 2.0 Fluorometer. Libraries were normalized and pooled together with an average base pair size of 279, and sequenced as 50 bp single reads on the HiSeq 2500 (Illumina) using HiSeq Control Software v2.2.58. Following sequencing, Illumina Primary Analysis version RTA 1.18.61 and Secondary Analysis bcl2fastq2 v2.17 were run to demultiplex reads from all libraries and generate FASTQ files.
Reads of 51 bases from an Illumina HiSeq 2500 were aligned to version sacCer3 of the Saccharomyces cerevisiae genome from UC Santa Cruz using tophat2 and the -g 1 alignment parameter. The resulting BAM files were analyzed in R using the GenomicRanges library from Bioconductor to quantify reads on genes and the edgeR library (38) for normalization and calculation of P-values between treatments. P-values were adjusted for multiple hypothesis testing by the method of Benjamini and Hochberg (39) .
In vitro chromatin assembly with purified CAF-1 complex
Purified CAF-1 complex with Cse4-containing histone octamer was used for the in vitro nucleosome assembly. Briefly, Topoisomerase I relaxed 200 ng of plasmid was incubated with CAF-1 complex or Nap1 for 2 h at 30 • C in the presence of Topoisomerase I with 8.3 mM HEPES pH7.4, 0.5 mM EGTA, 0.65 mM MgCl 2 , 1.7% glycerol, 0.005% NP-40, 33 mM KCl, 0.33 mM DTT and 0.02 mg/mL BSA. Topoisomers of the plasmids were deproteinized and isolated by standard protocol and resolved in 0.8% agarose gel. Topoisomerase I was a kind gift from S. Venkatesh, Stowers Institute. Two plasmids were used: (i) pG5E4-5S containing five repeats of 5S flanking each side of an E4 core promoter downstream of five Gal4-binding sites (gift from the Workman lab, Stowers Institute) and (ii) pCEN1-10X containing 10 tandem repeats of the centromere 1 sequence.
RESULTS
CAF-1 subunits interact with Cse4
We took a candidate approach to identify potential chaperones for Cse4. Known histone chaperones Vps75, Nap1 and the Cac2 subunit of CAF-1 were GFP tagged. Whole cell extracts were used to perform co-immunoprecipitation (co-IP) with anti-GFP antibody followed by detection of Cse4-Myc in western blots with anti-Myc antibody ( Figure  1A , left panel). Scm3, the chaperone that targets Cse4 to the centromere, was used as a positive control. Of these three candidates, only Cac2 pulled down Cse4. Hir1 (Histone regulator 1) is another histone H3/H4 chaperone whose biological role significantly overlaps with CAF-1 (35) . Hir1-FLAG was also tested for interaction with Cse4. Cac2-FLAG served as a control. While Hir1-FLAG did not pull down Cse4, suggesting Hir1 does not associate with Cse4 in vivo, Cac2-FLAG pulled down Cse4-Myc, further confirming the interaction between Cac2 and Cse4 ( Figure 1A , right panel).
CAF-1 is a heterotrimeric protein complex. In human, the three subunits are p150, p60 and p48 (also named RbAp48). The budding yeast subunits are named Cac1 (p90), Cac2 (p60) and Msi1/Cac3 (p50) (40) . The Cac3 ortholog RbAp48 (also named p55) in Drosophila co-purified with CenH3/CID and assembled CID nucleosomes in vitro (41, 42) . The human CAF-1 subunits p48/RbAp48 and p150 also co-purified with CENP-A (7, 8) . Taken together, these findings suggest the CAF-1 complex or subunits thereof could serve as an evolutionarily conserved CenH3 chaperone. The Cac2 subunit of CAF-1 is essential for efficient histone H3/H4 binding and nucleosome assembly (43) . To identify the subunits of CAF-1 important for physical interaction with Cse4, WT strains carrying epitope tagged Cse4-Myc/Cac1-FLAG, Cse4-Myc/Cac2-FLAG and Cse4-Myc/Cac3-FLAG were used to perform co-immunoprecipitation and western blotting ( Figure 1B ). All three subunits of CAF-1 pulled down Cse4-Myc. However, Cac1 and Cac3 subunits pulled down noticeably more Cse4-Myc ( Figure 1B, upper panel) . Furthermore, the interaction between Cse4 and Cac3, and to a lesser extent Cac1, was dependent on CAC2. Cse4 interaction with Cac2 was completely abolished without CAC1 or CAC3 ( CAF-1 deposits histone H3/H4 into nucleosomes during DNA synthesis, although a previous report argued that the exchange of Cse4 for H3 mediated by CAF-1 can be replication independent (35) . Also, CAF-1 deposits histone H3.1 outside of S phase at repair sites after UV damage in human cells (44) . Both results suggest CAF-1 can operate outside of S phase. We investigated whether the Cse4-CAF-1 interaction was cell cycle dependent using co-IP and western blotting. Whole cell extracts were prepared from cells growing asynchronously or arrested in G2/M (nocodazole treated). Scm3 was used as a positive control. Like Scm3, Cac2 interacted with Cse4 in extracts generated from both asynchronously grown cells as well as G2/M-arrested cells, suggesting the interaction between Cse4 and CAF-1 is not confined to S phase ( Figure 1C ). Together, these experiments suggest that CAF-1 can interact with Cse4 outside of S phase and may therefore be able to assemble and disassemble Cse4 nucleosomes independent of DNA replication.
CAF-1 can assemble Cse4 nucleosomes in vitro
The Cac3 ortholog RbAp48 in Drosophila can assemble CID nucleosomes in vitro (41, 42) . We tested whether recombinant budding yeast CAF-1 could facilitate the assembly of Cse4 nucleosomes in vitro using a plasmid supercoiling assay (6) . In this assay, wrapping of DNA around the histone core particle induces supercoiling in relaxed, closed, plasmid DNA. Following the assembly reaction, DNA is deproteinized and plasmid topoisomers are resolved by agarose gel electrophoresis. We tested nucleosome assembly using a plasmid containing 10 copies of a 5S nucleosome positioning sequence (pG5E4-5S) as well as one containing 10 tandem copies of a yeast centromere 1 (CEN1) repeat unit (pCEN1-10X). Incubation of purified CAF-1 (37) and Cse4 octamers with either pG5E4-5S or pCEN1-10X resulted in the induction of supercoiling in a dose dependent manner (Figure 2 ), demonstrating that CAF-1 can assemble Cse4 containing nucleosomes on both plasmids. Nap1 was used as a positive control. Although Nap1 does not co-immunoprecipitate with Cse4 in whole cell extracts, the high concentrations of purified proteins used in the assembly assay in vitro, combined with the absence of H3, may allow Nap1 to promote the assembly of Cse4 nucleosomes. These experiments demonstrate that CAF-1 can assemble Cse4 nucleosomes in vitro irrespective of DNA sequence.
Loss of CAF-1 rescues growth of psh1Δ and cka2Δ strains
The E3 ubiquitin ligase Psh1, regulated in part by Casein Kinase 2 (CK2), controls Cse4 levels by proteolysis. Deletion of PSH1 or CKA2, one of the two catalytic subunits of CK2, resulted in poor growth when Cse4 was overexpressed and higher levels of Cse4 incorporation at noncentromeric sites (10) (11) (12) . Deletion of PSH1 with overexpression of Cse4 could potentially affect kinetochore function, and consistently, Psh1 may contribute to plasmid segregation (45) , but this does not seem to fully explain the growth defect (11, 46) . If part of the growth defect is due to disruption of chromatin-based processes from misincorporation of Cse4, and CAF-1 is responsible for targeting Cse4 into ectopic chromosome regions, then deletion of CAF-1 subunits might rescue the slow growth observed upon Cse4 overexpression in psh1Δ and cka2Δ strains. To test this, we generated CAC2 deletion mutants in a psh1Δ or cka2Δ W303a background and performed growth assays (Figure 3A) . We observed improved growth with psh1Δ cac2Δ and cka2Δ cac2Δ double mutants, compared to psh1Δ or cka2Δ single mutants ( Figure 3A , compare psh1Δ+CSE4 and cka2Δ+CSE4 with psh1Δ cac2Δ+ CSE4 and cka2Δ cac2Δ+CSE4 respectively). Similar rescue of growth was observed with CAC1 and CAC3 deletion (Supplementary Figure S1A ). Therefore, deletion of any single subunit of the CAF-1 complex rescues the growth phenotype of psh1Δ or cka2Δ mutants, suggesting that CAF-1 is partly responsible for the poor growth phenotype. Nap1, Vps75, Hir1, Rtt106 and Asf1 are all known histone H3/H4 chaperones (2, 47) . We tested whether deletion of the genes encoding any of these five chaperones in the psh1Δ W303a background with Cse4 overexpression would rescue growth (Supplementary Figure S1B) ; none rescued growth. In fact, deletion of HIR1, RTT106 or ASF1 in the psh1Δ strain compromised growth further when Cse4 was overexpressed. Deletion of RTT106 or ASF1 alone also causes a growth phenotype when Cse4 is overexpressed. These three histone H3/H4 chaperones play roles in several chromatin dependent processes including promoter fidelity, heterochromatin silencing and histone gene transcription, and general H3 assembly and disassembly (2, (48) (49) (50) (51) (52) (53) (54) (55) (56) . Disruption of any of these processes could negatively affect growth. In addition, defective H3 nucleosome dynamics may make cells more susceptible to Cse4 misincorporation by CAF-1, causing a synergistic effect that makes the double mutant strains grow more poorly. Another possibility is that these chaperones facilitate removal of mislocalized Cse4 by disassembling Cse4 nucleosomes and/or by recruiting factors that promote Cse4 nucleosome disassembly and proteolysis. If this is true, then the removal of these chap- erones will make the psh1Δ strain more vulnerable to Cse4 accumulation in chromosome arms. Supporting this idea, Rtt106 physically interacts with the FACT complex (57) which associates with Psh1 to facilitate efficient degradation of mislocalized Cse4 (19) . While additional chaperones may affect H3-Cse4 exchange, the only chaperone whose loss relieves poor growth in the psh1Δ strain is CAF-1, suggesting CAF-1 may be the main chaperone contributing to deleterious deposition of Cse4 in this context.
CAF-1 promotes localization of Cse4 to gene promoters and active subtelomeric regions
We speculated that CAF-1 may promote Cse4 deposition into promoter regions. Deletion of CAC2 partially disrupts Cse4/CAF-1 interaction and, unlike the other subunits, Cac2 does not function outside of the CAF-1 complex. Therefore, we utilized cac2Δ to further analyze CAF-1 regulation of Cse4 deposition. To examine Cse4 levels, we performed ChIP/qPCR at the promoter of PHO5 (YBR093C) and at the rDNA (RDN37-1) region. As previously shown, Cse4 localization to these regions was elevated in a psh1Δ strain compared to a WT strain ( Figure 3B ) (10) . We observed a significant reduction in Cse4 levels at both locations in the psh1Δ cac2Δ strain compared to the psh1Δ strain. Cse4 levels were also significantly reduced in a cac2Δ single deletion strain relative to WT at the PHO5 promoter. These data are consistent with the idea that CAF-1 facilitates localization of Cse4 to promoter regions. To further analyze the contribution of CAF-1 to global misincorporation of Cse4, we performed ChIP seq for the strains depicted in Figure 3 . A heat map of Cse4 levels for chromosome III is shown in Figure 4A . In agreement with previous reports (10,11,31) we observed that deletion of PSH1 with overexpression of Cse4 results in elevated Cse4 levels at many non-centromeric locations (red is enriched and blue is depleted). We observed a significant reduction in global incorporation of Cse4 in both psh1Δ cac2Δ and cac2Δ strains, although there are select regions at which Cse4 is enriched relative to a WT strain. All 16 chromosomes show a similar reduction in global Cse4 incorporation upon loss of CAC2 (Supplementary Figure S2) . The pattern of incorporation in the cac2Δ and psh1Δ cac2Δ strains was similar, although there is more Cse4 in the psh1Δ cac2Δ heatmaps (Supplementary Figure S2 , middle rows) compared to the cac2Δ mutant (Supplementary Figure S2 , bottom rows) which could stem from the higher levels of Cse4 protein when Psh1 is absent. However, the pattern differed substantially from the pattern in the psh1Δ strain, which has higher levels of Cse4 compared to WT (Supplementary Figure S2 , top rows). The IP:total chromatin ratio for each mutant was divided by the same ratio for WT for 300 bp bins for Chromosome 3 and plotted as a box plot ( Figure 4B ). The differences in Cse4 signal were statistically significantly different between WT and each of the mutants, with higher Cse4 levels in the psh1Δ strain and lower Cse4 levels in the cac2Δ and psh1Δ cac2Δ mutant strains. The P-values approach zero when all chromosomes are considered together ( Figure 4B ). Overall the pattern suggests that CAF-1 is responsible in large part for Cse4 incorporation not only in the psh1Δ strain but also in a WT background.
To further assess Cse4 misincorporation, we used PE MACS to determine peaks of Cse4 in each of the four genetic backgrounds. The mean of the peak signal for each of the four genotypes is plotted ( Figure 4C ). The average peak signal in the psh1Δ background is higher than WT while the average peak signal without CAC2 is significantly lower than WT, consistent with the idea that yCAF-1 pro-Nucleic Acids Research, 2018, Vol. 46, No. 9 4447 Modified Spectra/Total Spectra % motes deposition of Cse4. We examined the overlap of peak locations in the different genetic backgrounds and found the most unique peaks in the psh1Δ background, although overall, Cse4 incorporation tends to occur in similar positions in all four strain backgrounds ( Figure 4D ). To further determine where Cse4 is incorporated, we separated the genome into genic and intergenic regions, and further categorized the intergenic regions by promoter and nonpromoter regions. We plotted the number of observed peaks and a symbol that indicates the expected number of peaks for each type of region. The number of expected peaks per region was determined by taking the number of each type of region in the genome, and then calculating the number of peaks expected if the peaks were distributed randomly. This analysis suggests that Cse4 is depleted on genes in all backgrounds and enriched in intergenic regions, and especially at promoter regions ( Figure 4E ). Taken together our data suggests that Cse4 incorporation may be most predominant at promoter regions but is diminished in the absence of yCAF-1. The pattern of incorporation in a psh1Δ strain is associated with poor growth. Ectopic localization of Cse4 at promoters in a psh1Δ strain is associated with decreased gene expression, suggesting misincorporation of Cse4 at promot-D B A ChrIII Cse4-ChIPseq ratio tracks were generated using Cse4 levels from psh1Δ, psh1Δ cac2Δ and cac2Δ strains relative to WT. The grid library in R was used to generate heat maps. Red and blue indicates relative enrichment and depletion of Cse4 signal, respectively. The telomeres and the centromere are indicated. Both telomeres on Chromosome III are X-type. (B) The IP:total chromatin ratio for each mutant was divided by the IP:total chromatin ratio for WT for 300 bp bins across chromosome III, and across the entire genome. For chromosome III the P-value for each mutant compared to WT is <0.005 and for the genome, the P-value for each mutant compared to WT is <2.2e-16. (C) The mean IP:total chromatin signal for peaks of Cse4 is plotted for each of the four genotypes indicated, P < 2.2e-16 for each mutant compared to WT. (D) The overlap of the peaks is shown for each genotype. (E) The number of peaks observed is plotted with a symbol indicating the number expected for each genotype. Genic and intergenic regions are in red and blue, respectively, and intergenic regions are further broken down by promoter (green) and non-promoter (gray).
Nucleic Acids Research, 2018, Vol. 46, No. 9 4449 ers might compromise gene expression (31) and growth. We generated metagene plots to examine Cse4 enrichment at promoters of genes binned into quartiles based on the transcription levels in a WT strain overexpressing Cse4, ranked from lowest transcription to highest transcription (Q1-Q4) ( Figure 5A ). We found evidence that CAF-1 contributes to misincorporation of Cse4 at promoter regions of genes for medium to highly transcribed genes (Q3). In the psh1Δ and WT strains, Cse4 accumulates in the promoter regions of these genes (black and green lines, Figure 5A) , with slightly more incorporation in the psh1Δ background. This pattern is resolved when CAC2 is absent. Thus CAF-1 appears to be responsible for Cse4 incorporation into active promoter regions into both the WT and psh1Δ strains. Metagene plots of XY' subtelomeric regions, which are transcriptionally active due to the presence of an expressed helicase gene, show a similar pattern observed at the gene promoters in Q1-Q3 ( Figure 5B ). Transcriptionally inactive subtelomeric regions, which contain only X, do not show this pattern. Cse4 has been previously shown to accumulate at nucleosomes that turn over due to transcription (58); we suggest this accumulation may be primarily due to incorporation by CAF1. We do not currently understand why this is not the case for the highly transcriptionally active genes in the Q4 grouping, but we speculate that additional chaperones and nucleosome remodelers may influence the dynamics at these regions.
Gene expression and Cse4 misincorporation
To examine how deposition of Cse4 nucleosomes affects gene expression, we carried out RNA seq experiments. To begin, we determined a timepoint of galactose induction at which the differences in growth between the strains becomes apparent ( Figure 6A ). We postulated that at this time gene expression could be compromising growth. We collected RNA from two biological replicates from strains with each of the four genotypes after 10 h galactose induction. The expression profiles were compared. While all three mutant genotypes had differentially expressed genes compared to the WT strain, the psh1Δ strain had the most differentially expressed genes ( Figure 6B and Supplementary Table  S2 ). The Venn diagram shows that in the psh1Δ cac2Δ double mutant strain, fewer genes were differentially expressed as compared to psh1Δ (121 versus 183 based on adjusted Pvalue < 0.01 and fold change >1.5). If instead we compare the number of differentially expressed genes based solely on an adjusted P-value < 0.01, we get 571 genes differentially expressed in psh1Δ and 328 genes differentially expressed in the double mutant. Taken together our results are consistent with the idea that gene expression is most disrupted in the psh1Δ background and could be one contributor to the slow growth phenotype, although it is likely that disruption of additional chromatin-based processes also contributes to slow growth.
To further understand the gene expression profiles in the different mutant backgrounds, we carried out gene ontology (GO) analysis. Downregulated genes in the psh1Δ strain are enriched for biological processes such as ion transport, glutathione metabolic processes, and aldehyde metabolic processes whereas upregulated genes are enriched for oxidation-reduction and carbohydrate transport (Supplementary Figure S3 ). Misregulation of these important metabolic processes could contribute to poor growth in the psh1Δ background. Furthermore, this pattern is substantially different from the profile in the double mutant (for a complete list of genes see Supplementary Table S2 ). Taking the 571 and 328 genes differentially expressed in the psh1Δ background as compared the double mutant, only 71 are in common. The GO terms associated with the 500 genes uniquely differentially expressed in the psh1Δ background include oxidation-reduction, electron transport and purine metabolism whereas the GO terms associated with the differentially expressed genes are completely non-overlapping in the psh1Δ cac2Δ background and include transposition, spore wall biogenesis and reproductive processes (Supplementary Figure S4 ), but overlap with the GO terms for genes differentially expressed in the cac2Δ strain. Furthermore, GO term analysis for differentially expressed genes specific to psh1Δ and not occurring in the psh1Δ cac2Δ background, reveal similar GO terms obtained for overall differential expression in the psh1Δ background, indicating this is a specific signature of the psh1Δ background that is absent in the double mutant. Therefore, expression of genes critical for metabolic processes and growth are unaffected when CAC2 is deleted, possibly contributing to the restoration of normal growth in the psh1Δ cac2Δ double mutant and cac2Δ background relative to the psh1Δ background.
The gene expression pattern in the psh1Δ background is likely a combination of direct effects due to genomewide deposition of Cse4 and indirect effects. We speculated that the deposition of Cse4 may compromise the expression of some genes in the psh1Δ background which does not occur when CAF1 function is reduced or absent. We used our ChIP seq data to examine Cse4 levels at the promoters of genes that were downregulated in the psh1Δ background (affected promoters). These promoters had evidence of Cse4 incorporation that was strongly reduced when CAC2 was deleted. The same trend was observed for upregulated genes, but the peak of deposition was not nearly as striking and was much more diffuse ( Figure  6C ). The trends most resemble the pattern observed for the Q3 genes in Figure 5A and are overall consistent with the idea that CAF1 may be responsible for depositing Cse4 at transcriptionally active promoters. However, it is not clear that Cse4 deposition is inhibiting gene expression since a similar pattern is observed in WT. Many of the effects on gene expression are likely to be indirect. Processes in addition to promoter deposition of Cse4, and accumulation of targets in addition to Cse4, may contribute to poor growth in the psh1Δ background. Although the metagene plots of promoters suggest Cse4 is present at similar levels in WT and psh1Δ strains, in the psh1Δ background we speculate there could be more H3-Cse4 hybrid nucleosomes which are ultrastable (59) and could present an issue for chromatin based processes. Overall the poor growth in the psh1Δ strain is likely to be due to multiple factors, with the effect of Cse4 deposition on gene expression being only one of them. 
CAF-1 may regulate ubiquitylation of Cse4
The Scm3 chaperone protects Cse4 from ubiquitylation by Psh1 in vitro (10) . Therefore, we examined the role of CAF-1 in proteolysis of Cse4 by Psh1. We measured ubiquitylation of Cse4 by Psh1 in the presence or absence of CAF-1 using recombinant proteins in vitro (Supplementary Figure  S5A) . Ubiquitylated proteins were pulled down from reac-tion mixtures using poly-ubiquitin affinity resin and eluates were probed using western blotting with anti-HA-HRP (to HA-ubiquitin) and anti-Cse4 antibodies. The reaction in the presence of CAF-1 ( Supplementary Figure S5A, of Scm3. To further explore whether there is a direct interaction between CAF-1 and Psh1 in vivo that could promote their cooperation in the destruction of Cse4, we examined whether they co-immunoprecipitate in whole cell extracts, However, CAF-1 does not co-immunoprecipitate with Psh1 (Supplementary Figure S5B) . Instead, we speculate that soluble Cse4 bound to CAF-1 may expose ubiquitylation sites on Cse4, promoting ubiquitylation by Psh1.
CAF-1 and centromeric localization of Cse4
Previous findings suggest that CAF-1 may facilitate centromeric localization of CenH3. The Cac3 orthologs, Mis16 in fission yeast and RbAp46/RbAp48 in human, are required for efficient Cnp1 and CENP-A loading at centromeres, respectively (34, 60) . Interestingly, HJURP (human ortholog of Scm3) contains five highly conserved tryptophan residues resembling the tryptophanaspartate (WD40) repeats found in CAF-1 subunits p60 and RbAp48/RbAp46 (8) . In budding yeast CAF-1 subunits are recruited to centromeres and CAF-1 and Hir1 are required for proper centromere/kinetochore structure and function (32) . We tested whether the localization of CAF-1 at centromeres is cell-cycle dependent. We used asynchronously growing cells and also G1, S and G2/M arrested cells to perform Cac1 ChIP followed by qPCR to detect CEN3 enrichment ( Figure 7A ). We detected CEN3 enrichment in all four samples, indicating that CAF-1 localizes to centromeres regardless of the phase of the cell cycle.
Although Scm3 is the main chaperone responsible for assembly of Cse4 nucleosomes at centromeres in budding yeast, we wondered whether CAF-1 could in principle facilitate the assembly of Cse4 at centromeres. CAF-1 can assemble Cse4 nucleosomes in vitro on a plasmid containing centromere sequence (Figure 2 ). Although deletion of Scm3 is lethal, Scm3 can be deleted or turned off (Scm3 off ) if Cse4 is overexpressed, and Cse4 still localizes to the centromere (36) , arguing other chaperones can mediate the assembly of Cse4 nucleosomes. To test whether CAF-1 might be able to assemble Cse4 at centromeres, we used the Scm3 on/off strain, which can be toggled by galactose, along with copperinducible Cse4 overexpression. The level of Cse4 can be controlled by the concentration of copper. In this strain background we deleted genes encoding different chaperones, including CAC2 from CAF1. A growth assay was performed to compare growth under Scm3 on and Scm3 off conditions ( Figure 7B ). Three independent transformants with CAC2 deletion were examined for growth. When Scm3 is on (Scm3 on ), there is no difference in growth between WT and cac2Δ strains. However, when CAC2 is deleted and Scm3 is turned off, the rescue of growth by Cse4 overexpression is poor ( Figure 7B, compare WT+CSE4 and cac2Δ+CSE4) . Deletion of CAC2 from the Scm3 off strain does not completely abolish growth when Cse4 is overexpressed, suggesting either a partially functioning CAF-1 complex or some other chaperone might target Cse4 to centromeres under these conditions. These results suggest that when Scm3 is absent and Cse4 levels are high, CAF-1 may be the primary chaperone targeting Cse4 to the centromere. Deletion of the genes encoding chaperones Nap1, Vps75 and Hir1 did not compromise growth in Scm3 off conditions (Supplemen-tary Figure S6 ). Even though deletion of the gene encoding chaperone Rtt106 compromised growth in Scm3 off conditions (Supplementary Figure S6) the growth defect is not as severe as loss of CAC2. Furthermore, the overexpression of Cse4 in rtt106Δ cells causes a growth defect (Supplementary Figure S1B ), making it difficult to interpret the growth defect under Scm3 off conditions since Cse4 is overexpressed. While a previous report suggested that CAF-1 subunits can recruit the chaperone Scm3 to centromeres in S. pombe (33) , our result suggests that when Cse4 is present at high levels, CAF-1 can locate to centromeres and incorporate Cse4 independent of Scm3. We speculate that under normal conditions, these two chaperones may both play important roles in the deposition of Cse4 at centromeres.
DISCUSSION
Our data are consistent with CAF-1 being the main H3 chaperone in S. cerevisiae that can interact with and deposit Cse4. CAF-1 can deposit Cse4 at promoter nucleosomes, especially those experiencing medium to high turnover. We examined multiple other chaperones for physical interaction with Cse4 and for growth rescue of psh1Δ strains under Cse4 overexpression conditions and in both respects CAF-1 was unique. Although Cse4 is still misincorporated into chromatin in the absence of CAF-1 when Cse4 is overexpressed, suggesting other chaperones can incorporate Cse4 when Cse4 levels are high, CAF-1 is likely unmatched with respect to genome-wide Cse4 deposition in S. cerevisiae. We speculate that the ability of Cse4/CenH3 to physically interact with subunits of CAF-1 in yeast, flies and human is unlikely to be an evolutionary accident, and that CAF-1 or subunits thereof play an evolutionarily conserved role in Cse4 biology that have been difficult to discern since CAF-1 is also an H3/H4 chaperone.
Misregulation of CENP-A and the factors that regulate CENP-A localization are hallmarks of many human cancers (22) . Proper stoichiometric balance between CenH3 and its canonical counterparts is critical for exclusive centromere targeting of CenH3 by chaperones. Overexpressed CenH3 may lead to the unintended deposition of CenH3 by H3 chaperones with deleterious consequences. Chaperones that misincorporate CenH3 into non-centromeric sites are beginning to be identified. In human cancer cells, overexpressed CENP-A occupies transcription factor binding sites and subtelomeric locations, potentially chaperoned in part by the transcriptionally coupled histone variant H3.3 chaperones DAXX and ATRX (23, 26, 27) . We present evidence that the evolutionarily conserved histone H3/H4 chaperone CAF-1 facilitates Cse4 misincorporation at active gene promoters and subtelomeric regions (XY' type). Under normal cellular conditions, histone H3 is present in large excess over Cse4. Under these conditions, misincorporation of Cse4 occurs at low levels and may not be particularly harmful. However, when Cse4 is overexpressed, CAF-1-mediated assembly of Cse4 may become deleterious. We suggest that Cse4 incorporation may negatively impact multiple chromatin-based processes and ultimately, growth.
CAF-1 is normally considered a replication and repair coupled histone H3 chaperone. However, Cse4/H3 exchange mediated by CAF-1 can be replication independent ChIP was performed for Cac1 using a FLAG-tagged strain using asynchronously growing cells and also G1, S and G2/M arrested cells. qPCR was used to detect Cac1 levels at CEN3. The y-axis indicates arbitrary units representing the Cac1 enrichment at CEN3 from ChIP performed with and without antibody, with respect to the signal for total chromatin for each sample. The error bars represent the standard deviation for ChIP performed in triplicate. (B) Rescue of Scm3 off strain by overexpression of Cse4 is less efficient when CAC2 is deleted. Strains containing a single copy of Scm3 under the control of the gal promoter, allowing the expression of Scm3 to be controlled with glucose/galactose, were used in the spotting assay. Cse4 was under the control of a copper-inducible promoter on a plasmid. 'EV' indicates empty vector. When Scm3 is expressed (Scm3 on ), no growth differences are observed in 10-fold serial dilutions. Induction of Cse4 does not efficiently rescue growth of the Scm3 off strain when CAC2 is deleted as compared to WT. Three independent isolates of the cac2Δ strain (1, 2 and 3) were tested. (35) , suggesting CAF-1 may play a role in replication independent nucleosome assembly. Interestingly, the human CAF-1 subunit p60 was one of the overexpressed chaperones in CENP-A overexpressing breast cancer cells (26) . Our study indicates that CAF-1 can target Cse4 into promoters and subtelomeric regions in budding yeast; given the evolutionary conservation of both the proteins and the pattern of mislocalization, we suggest human CAF-1 could be partly responsible for mislocalization of CENP-A in cancer cells.
When Cse4 is overexpressed, it may form histone complexes not present under normal conditions. Cse4 may normally exist predominately as a dimer with H4. However, when the Cse4 levels are high, there may be an excess of Cse4 monomers in the soluble pool. This free Cse4 may compete with histone H3 and bind to CAF-1. CAF-1 association with free Cse4 may promote ubiquitylation and proteolysis. In this way CAF-1 may cooperate with Psh1 to regulate proteolysis of Cse4. Analysis of ectopic CENP-A nucleosomes from colorectal cancer cells reveals a subpopulation of structurally distinct hybrid nucleosomes containing CENP-A and H3.3 (23, 26) . This CENP-A/H3.3 nucleosome forms a highly stable structure compared to CENP-A nucleosomes (59) . In budding yeast Cse4 nucleosomes are highly enriched at sites of high-nucleosome turnover genome-wide (58) . We speculate CAF-1 may facilitate as-sembly of heterotypic (Cse4/H3) octasomes at gene promoters and active subtelomeric regions when Cse4 levels are high and proteolytic removal of Cse4 by Psh1 is compromised. These unusual nucleosomes might pose difficulties for chromatin-based processes.
A recent report (31) indicates Cse4 misincorporation can negatively affect gene expression. Our results suggest the majority of differential gene expression in the psh1Δ mutant may not be directly attributed to Cse4 at the promoter nucleosome. Instead, Cse4 deposition may affect multiple processes, including gene expression, that impact growth. We highlight one molecular mechanism by which misincorporation can occur by identifying and characterizing an evolutionarily conserved histone H3 chaperone CAF-1 that can incorporate Cse4 into non-centromeric nucleosomes.
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